Objectives/Hypothesis: Vocal fold epithelium is exposed to reactive oxygen species from the inhaled environment and from tissue inflammation. The objective of this study was to explore the functional and structural consequences of reactive oxygen species exposure on vocal fold epithelium.
INTRODUCTION
Voice users are regularly exposed to environmental pollutants including cigarette smoke, vehicle exhaust, and industrial fumes. 1 These common pollutants contain reactive oxygen species (ROS). 2 Inhalation of pollutants containing ROS has the potential to adversely affect voice, through stress to the laryngeal mucosa. 3 Specifically, the vocal fold epithelium as the external layer of the true vocal folds may be particularly at risk for ROS exposure from the inhaled environment during breathing. ROS can also be produced secondary to tissue inflammation from acid-peptic injury to the larynx, 4 and these ROS have been implicated in inducing laryngeal hyperreactivity. 5 Despite the high probability of ROS exposure, little is known regarding the direct physiologic effects of ROS on the vocal fold epithelium. Therefore, the current study sought to investigate the effects of high-concentration ROS exposure on vocal fold epithelia. Specifically, we examined whether 3-mM hydrogen peroxide (H 2 O 2 ) would compromise the function and structure of native vocal fold epithelia. H 2 O 2 is a pervasive ROS found in the inhaled environment and produced systemically as a byproduct of cell metabolism. [6] [7] [8] [9] The functional consequences of H 2 O 2 exposure in monolayered epithelial cell cultures [7] [8] [9] [10] have been widely investigated, although the effects on stratified squamous epithelia of the vocal folds are not known.
The vocal fold epithelium is composed of multiple layers of squamous cells and adjacent intercellular junctional complex proteins. 11 Together, these structural features contribute to the resistance across the epithelium. High transepithelial resistance (R T ) is essential for maintaining epithelial barrier function, which is critical for preventing airborne irritants and pathogens from entering the lamina propria. However, in epithelial cells of the trachea, stomach, intestines, and kidneys, ROS exposure compromises the integrity of the epithelial barrier by reducing R T , and this disruption to epithelial tissue has been implicated in the pathophysiology of various diseases. 10 In gastric epithelia, ROS simulated by exposure to 500 lM H 2 O 2 significantly decreases R T . 8 Similar results have been reported for intestinal and renal epithelium. 7 12 At this juncture, it is unclear whether ROS such as H 2 O 2 may affect the stratified squamous epithelium of the vocal folds in much the same way as monolayered epithelial cell cultures. Given evidence 7,9,10 from other epithelia that ROS have the potential to adversely impact barrier integrity, it is crucial to investigate for similar changes to vocal fold epithelia. This question is of clinical and theoretical significance because environmental pollutants are known to compromise phonation, 1 although the physiologic mechanisms underlying the adverse voice changes are unclear. Understanding the underlying mechanism is necessary to develop optimal treatments. The focus of the current study was to investigate the functional and structural consequences of ROS exposure on native, stratified squamous vocal fold epithelia. Given the critical role of the epithelium as a protective barrier, we questioned whether ROS exposure would disrupt barrier integrity by reducing R T and lowering junctional complex protein concentrations. We elected to study one junctional complex protein from the zona occludens family. ZO-1 protein was selected because it is important for maintaining junction architecture and for interacting and connecting with other proteins that constitute the junctional complex and the cytoskeleton. 13 R T and ZO-1 protein concentrations were assessed using electrophysiology and western blotting techniques, respectively. To examine whether changes in epithelial barrier function were accompanied by gross structural damage, light microscopy was employed. Porcine vocal folds were selected due to comparable histologic properties between pig and human vocal folds.
14 Data from the present study will contribute to our knowledge of the functional and structural consequences of ROS challenge to vocal fold epithelia and lay the foundation for further study into the nature of phonatory changes associated with the interaction of ROS and phonotrauma.
MATERIALS AND METHODS

Epithelial Tissue
Fresh larynges from domestic pigs (6 months to 2 years) were obtained from the slaughterhouse and transported back to the lab in cold, isotonic saline solution. The vocal fold epithelium was excised from the underlying ligament and muscle using published procedures in our laboratory [15] [16] [17] [18] and prepared for measurements of R T , ZO-1 protein concentrations, and epithelial structure. These techniques are described later. Across all experiments, vocal folds were exposed to a 2-hour, 3-mM ROS challenge, simulated with H 2 O 2 . Similar concentrations of H 2 O 2 decrease R T in alveolar epithelial cell monolayers within 1 hour. 19 A 2-hour challenge was selected to account for the use of native, stratified true vocal folds as opposed to monolayer cell cultures.
Transepithelial Resistance R T was measured using electrophysiologic techniques in an Ussing System with associated Voltage Clamp (World Precision Instruments, Sarasota, FL) in accordance with published procedures. [15] [16] [17] [18] Immediately following excision, epithelial tissues were mounted on a lucite chamber, placed in the Ussing System, and bathed with warm, oxygenated Hanks' balanced salt solution to maintain tissue viability. Electrodes were placed on either side of the epithelial tissue to monitor potential difference and current. Using Ohm's Law, R T was computed by measuring the current deflection to an imposed 2-mV pulse. Epithelial tissue was allowed 45 to 60 minutes to reach steady state (hereafter called baseline). A baseline R T of > 300 XÁcm 2 was required for epithelial tissue to be included in the experiment. Once epithelial tissue reached baseline, 3-mM H 2 O 2 was added to the luminal chamber of the Ussing System to simulate acute ROS challenge (n ¼ 10). To simulate sham challenge, Hanks' balanced salt solution was added to the luminal chamber (n ¼ 10). R T was monitored continuously for 2 hours postexposure to ROS or sham challenge. R T data were summarized as mean 6 standard error of mean. A mixed model repeated measures analysis of variance was used to assess whether ROS altered R T as compared to sham challenge. An alpha level of <.05 was considered statistically significant.
ZO-1 Protein Concentrations
ZO-1 protein concentrations were measured with western blotting following published procedures in our laboratory. 20 Immediately following excision, vocal fold epithelial tissues were diced and incubated in 3-mM H 2 O 2 (n ¼ 3) or sham (n ¼ 3) challenge for 2 hours. Next, the tissues were snap-frozen in liquid nitrogen, and stored in À80 C freezer in preparation for western blotting. To determine protein concentrations, samples were homogenized on ice in homogenization buffer (protease inhibitor cocktail, 1.0-M Tris pH 7.5, 200-mM ethyleneglycolbis4(8-aminoethyl ether) N,N 0 tetraacetic acid, 20% Triton X-100, 10% sodium dodecyl sulfate (SDS), 10 mg/mL phenylmethylsulfonyl fluoride (PMSF), 14.21-M 2-mercaptoethanol, and distilled deionized water). Samples were sonicated (Model 500 Sonic Dismembrator, Fisher Scientific, Pittsburgh, PA) at duty cycle 20% and output 4-6 for 30 pulses. Following centrifugation at 12,000 g at 4 C for 12 minutes, aliquots of supernatants were assayed for protein concentrations by the Bradford method. For this method, 100 lg of protein was mixed with an equal volume of 2Â sample buffer (0.35-M Tris-Cl, 10% SDS, 30% glycerol, 0.6-M dithiothreitol (DTT), and 0.012% bromophenol blue), loaded onto a gradient (7% þ 12%) sodium dodecyl sulfate polyacrimide gel, electrophoresed, and then transferred to a polyvinylidene fluoride membrane. The membrane was blocked with 5% dry milk in Tris-buffered saline with Tween 20 at room temperature for 1 hour and immunoblotted with primary antibody directly against ZO-1 (2 lg/mL, Invitrogen, Carlsbad, CA) at 4 C overnight. The membrane was rinsed and stained with a horseradish peroxidase-linked species-specific goat antimouse IgG antibody (1:3,000) at room temperature for 1.5 hours and developed using enhanced chemiluminescent reagent. The exposure time varied from 30 seconds to several minutes depending on the signal strength. b-actin (1:1,000) was used as a loading control, the corresponding secondary antibody (1:5,000) for b-actin was horseradish peroxidase-conjugated goat antimouse IgG. For determination of internal standard b-actin (42 kDa), the blots were stripped with stripping buffer (Pierce, Rockford, IL) and immunoblotted with rabbit antimouse actin antibody. The bands were analyzed using densitometry with Image J software. The values of ZO-1 proteins were normalized to those of b-actin obtained from the same gel, and the percentage of change in ZO-1 protein concentrations were compared for H 2 O 2 and sham groups. An alpha of <.05 was considered statistically significant.
Epithelial Structure
Epithelial structure was assessed using published light microscopy procedures. 15 Following excision as described previously, epithelial tissues were incubated at 37 C in 3-mM H 2 O 2 (n ¼ 3) or sham (n ¼ 3) challenge for 2 hours. Immediately following incubation, vocal fold samples were immersed in 10% buffered neutral formalin and allowed to fixate for 24 hours. Following fixation, samples were dehydrated using an ethyl alcohol (ETOH) series and embedded in paraffin for sectioning. Sections of 5 lm were cut and stained with hematoxylin-eosin for light microscopic analysis.
A pathologist blinded to challenge type (H 2 O 2 or sham) assessed the histologic data for damage. The pathologist first confirmed that the samples were stratified squamous epithelia and then analyzed structural damage on a 0 to 5 scale (0 ¼ none; 1 ¼ minimal; 2 ¼ mild; 3 ¼ moderate; 4 ¼ marked, 5 ¼ severe). This scale has been used previously by our laboratory to quantify reflux damage in vocal fold tissue. 15 The pathologist used the scale to assess for the following: 1) epithelial splitting/shedding, 2) epithelial erosion/attenuation, 3) epithelial intracellular or intercellular edema, 4) basilar to sub-basilar edema/vacuolization, and 5) interstitial edema. Mann-Whitney U tests were used to compare structural damage in tissue exposed to H 2 O 2 and sham challenge. An alpha of < .05 was considered statistically significant.
RESULTS
Transepithelial Resistance
H 2 O 2 challenge did not adversely affect R T (Fig. 1) . There was a nonsignificant challenge by time interaction effect (P ¼ .44), suggesting that even 2 hours of exposure to ROS did not significantly alter R T as compared to sham challenge. R T increased by 94 XÁcm 2 in epithelial tissue exposed to H 2 O 2 and by 64 XÁcm 2 in epithelial tissue exposed to sham challenge. Epithelial tissue in both groups maintained a robust R T , demonstrating high tissue viability despite exposure to challenges for 2 hours.
ZO-1 Concentrations
Following H 2 O 2 exposure, there appeared to be a slight decrease in the band density of ZO-1 ( Fig. 2A). However, overall, H 2 O 2 challenge did not significantly lower the levels of ZO-1 in vocal fold epithelial tissue as compared to sham challenge (P ¼ .17, Fig. 2B ).
Epithelial Structure
Epithelial tissue exposed to H 2 O 2 showed signs of minimal structural damage (Fig. 3) . However, the structural changes associated with H 2 O 2 exposure were not statistically significant as compared to sham challenge for any of the damage criteria: epithelial splitting/shedding (P ¼ .82), epithelial erosion/attenuation (P ¼ 1.00), epithelial intracellular or intercellular edema (P ¼ 1.00), basilar to sub-basilar edema/vacuolization (P ¼ .64), and interstitial edema (P ¼ .82).
DISCUSSION
This study examined whether acute exposure to ROS is detrimental to vocal fold epithelial structure and function. Simulating ROS by exposing epithelial cells to H 2 O 2 is a widely used methodology.
7,9,21,22 H 2 O 2 was added to the apical surface of vocal fold epithelia to simulate ROS exposure from inhaled sources or from that generated by inflammatory cells that migrate to the airway lumen. Here we show that continuous exposure to 3-mM H 2 O 2 did not significantly reduce R T . Although there was a decrease in ZO-1 protein concentrations after exposure to H 2 O 2 as compared to sham challenge, this decrease did not reach statistical significance. In addition, there was minimal, nonsignificant evidence for gross structural change after H 2 O 2 exposure. Some of the structural changes include epithelial shedding and vacuolization as depicted in Figure 3 .
There are different hypotheses for why the predicted adverse effects of ROS on vocal fold epithelium were not observed in this study. H 2 O 2 was purposely selected as the ROS in this study because it is commonly found in the inhaled environment and is also produced secondary to tissue inflammation. 6, 8 In cultured human bronchial epithelial cells, ROS challenge with 0.1-mM H 2 O 2 lowered R T and disrupted ZO-1 staining patterns. 9 At higher concentrations, H 2 O 2 may be detrimental to cell viability in monolayered epithelial cell culture. 23 Our data demonstrating that 3-mM H 2 O 2 did not significantly reduce R T or ZO-1 protein concentrations show that the viability of stratified squamous vocal fold epithelia was not compromised even after high-concentration H 2 O 2 exposure. These data suggest that healthy, stratified squamous epithelium may be able to tolerate acute ROS exposure without adverse consequences to barrier integrity. To explore this hypothesis further, future studies will investigate the effects of a series of ROS concentrations.
Another possibility for the nonsignificant results observed here could be associated with the duration of ROS exposure. Research 23 shows that 16-hour ROS incubation durations are detrimental to epithelial cell viability, but only 2-hour exposure durations were used in this study. We selected a shorter duration to simulate clinically relevant ROS exposure to the vocal folds. Within the timeline used in this study, H 2 O 2 ROS did not induce any significant functional or structural damage to vocal fold epithelial tissue. Whether 2-hour exposures would yield different results in vivo is not clear from the current study. In vivo, the presence of antioxidants in surface fluid bathing the vocal folds may help combat oxidative stress. The antioxidant glutathione has been found in airway surface fluid 24 and is likely also present in the surface fluid bathing the vocal folds.
The results of the current study are the first to demonstrate that healthy, native vocal fold epithelia can withstand acute, high-concentration ROS. Previous studies 4, 5 have demonstrated increased sensitivity to ROS in rodent larynges that are already inflamed secondary to acid-peptic injury. The interaction between preexisting inflammation and epithelial vulnerability to ROS and oxidative stress is an area awaiting further in vitro and in vivo investigation. Although stratified squamous epithelia may provide a robust barrier to acute ROS, future studies will also examine the role of antioxidant enzymes within the vocal folds, in defending against environmental and systemic challenges.
CONCLUSION
Vocal fold epithelia were exposed to H 2 O 2 for 2 hours. H 2 O 2 is a common ROS. Exposure to H 2 O 2 did not significantly alter the R T , ZO-1 protein concentrations, or the gross structural appearance of epithelial tissue, suggesting that healthy, stratified squamous epithelium may effectively withstand a 2-hour ROS challenge. These data provide basic understanding of the functional and structural consequences of 2-hour ROS challenge to vocal fold epithelia and lay the groundwork for further investigations with longer exposure durations. 
